Abstract:
Sequence exchange between homologous chromosomes through crossing over and gene conversion is highly conserved among eukaryotes, contributing to genome stability and genetic diversity. Lack of recombination limits breeding efforts in crops, therefore increasing recombination rates can reduce linkage-drag and generate new genetic combinations. We use computational analysis of 13 recombinant inbred mapping populations to assess crossover and gene conversion frequency in the hexaploid genome of wheat (Triticum aestivum). We observe that high frequency crossover sites are shared between populations and that closely related parental founders lead to populations with more similar crossover patterns. We demonstrate that gene conversion is more prevalent and covers more of the genome in wheat than in other plants, making it a critical process in the generation of new haplotypes, particularly in centromeric regions where crossovers are rare. We have identified QTL for altered gene conversion and crossover frequency and confirm functionality for a novel RecQ helicase gene that belongs to an ancient clade that is missing in some plant lineages including Arabidopsis. This is the first gene to be demonstrated to be involved in gene conversion in wheat. Harnessing the RecQ helicase has the potential to break linkage-drag utilizing widespread gene conversions.
Main Text:
There is an evolutionary requirement for genetic diversity across a species. Shuffling of material between homologous chromosomes, or genetic recombination, breaks linkage between genes resulting in offspring that have combinations of alleles that differ from those found in either of the parents. During meiosis, double-strand breaks (DSBs) can generate sequence variation in gametes via the DSB repair model (Szostak et al., 1983) . DSBs are resolved either by homologous recombination as crossovers (COs) i.e. the reciprocal exchange of large regions between chromosomes, or otherwise as non-crossovers (NCOs). A minimum of one CO per chromosome during meiosis is a requirement for proper chromosome segregation (Pardo-Manuel De Villena and Sapienza, 2001) . When both COs and NCOs are resolved, they can also give rise to gene conversions (GCs) as a mechanism of DSB repair involving the non-reciprocal transfer of short DNA segments between homologous non-sister chromatids (Sun et al., 2012; Halldorsson et al., 2016) . GCs can be either allelic, meaning that one allele of the same gene replaces another allele, or ectopic, meaning that one paralogous DNA sequence converts another, they are also involved in the repair of DSBs that occur during mitosis (reviewed in: Chen et al., 2007) .
In plant and animal breeding, researchers strive to identify and introduce loci linked to favourable traits ranging from abiotic or biotic stress resistance to agronomic traits. This often also introduces linked undesirable genes and their resulting traits. The goal is to introduce a favourable allele while minimizing linkage drag from surrounding undesirable alleles. Increasing COs at meiosis breaks up linkage groups reducing linkage drag. However, COs are largely absent in centromeric chromosomal regions (Talbert and Henikoff, 2010) .
GCs contribute to breaking up linkage groups and it has been observed that GCs are prevalent in centromeric regions suggesting that centromeres do experience genetic change but that DSBs in these regions are converted preferentially to GCs (Shi W et al., 2010; Sun et al., 2012) . It is therefore important for us to understand recombination and GC if we are to alter their rates to accelerate the induction of novel allelic combinations or to generate stable cultivars. This is particularly important in bread wheat where recombination frequency is low and skewed toward the ends of chromosomes (Darrier et al., 2017) . Wheat has a large (16Gb) complex allohexaploid genome and, in the light of recent advances in the wheat's genomic and genetic resources, it presents an excellent model crop (Brenchley et al., 2012; Clavijo et al., 2017; Krasileva et al., 2017; IWGSC et al 2018.) .
In plants over 80 genes have been identified and characterized that are involved in recombination including crossover and gene conversion formation (Mercier et al., 2015; Fernandes et al., 2018; Ziolkowski et al., 2017; Girard et al 2015; Segulea-Arnaud et al., 2015) . For example, in Arabidopsis, Ziolkowski et al (2017) found that the HEI10 meiotic E3 ligase could control crossover recombination. Recombination rates can also be variable; between populations, within a population and even within a chromosome of a single organism (Schnable et al., 1998; Esch et al., 2007) . However, in crops such as wheat, little detail is known about the mechanisms that control genome-wide recombination. In wheat, quantitative trait loci (QTL) have been identified that affect recombination frequency, however, there are few QTLs that have been fully characterized to the point of validating candidate genes (Esch et al., 2007; Wingen et al., 2017; Jordan et al., 2018) . There is very little known in wheat about the genes or mechanisms controlling GC or GC frequency across its complex genome.
To investigate the recombination landscape in bread wheat we used 13 genotyped recombinant inbred lines (RIL) populations generated from the UK elite variety Paragon crossed with a diverse collection of landraces and elite material (for population details see Supplemental Table S1 and S2). Using the genotypes of the parents we can accurately map CO positions across the genome (Supplemental Figure S1 ). In addition to large CO blocks, shorter shifts in genotype were frequently encountered across the genome. These have previously been disregarded as potential genotyping errors or issues with local ordering of markers. These short shifts are potential markers for GC events. Recent advances in wheat's genome sequence assembly and local ordering of contigs into pseudo-chromosomes allows us to more confidently classify shorter shifts as GCs in wheat (Brenchley et al., 2012; Clavijo et al., 2017) . Using this methodology, we have characterized: CO and GC frequencies and locations; how different parental crosses effect the recombination landscapes; genomic regions that control CO and GC frequency and identified a RecQ-like gene controlling GC frequency in wheat. We have used whole genome sequencing of selected lines to validate our CO and GC calls and to generate a more comprehensive profile of these events across the genome.
Results

Analysis of the CO landscape in wheat
For each of the 13 populations, the number of COs per RIL was recorded across the 21 chromosomes ( Figure 1a ; Supplemental Figure S2 ; CO-Phenotype, Methods). CO frequencies show a relatively normal distribution independent of the analysed population with outlier RILs observed with high or low CO frequencies in each population. The average CO frequency per RIL remained relatively stable across the 13 populations varying from 40.8 to 51.9 (Supplemental Table S2 ) consistent with similar studies (Huang et al., 2012; Esch et al., 2007) . For each population we calculated the number of RILs sharing an individual CO site. Figure 1b and Supplemental Figure S3 highlight the distribution of shared CO sites;
there is a peak of, on average, 10.2% of CO sites that are seen in only one RIL with the remainder shared in 2 or more lines (Supplemental Table S3 ). The rate of CO conservation steadily declines as the number of RILs increases. The maximum number of RILs with a conserved CO site never exceeds 55.3% of the population size (range 44.6-55.3%). Although we do not expect highly conserved CO locations in populations of this size, the overlap of a proportion of our COs is likely explained by the binning of our SNPs into 20Mbp windows to define COs.
We observed that CO sites cluster towards the end of chromosomes and that this effect is more pronounced if the CO site is more frequently encountered i.e. appears in multiple RILs (Figure 1c) . CO sites show a bias to genic regions that is statistically significant (two-tailed t test p<0.0001, t = 6.2534, df = 10174). In the regions defined containing COs, the average number of genes is 363.83 and the average proportion of the interval represented by genes is 2.65% whereas across all array SNP intervals the average number of genes per interval decreases to 342.98 and the average proportion of each interval represented by genes decreases to 2.54% (Methods). Further to this bias of COs to genic regions, there was a significant positive correlation between the number of genes at the CO site and the number of RILs with the CO (Figure 1d , Pearson correlation coefficient (r)= 0.271706, n=4780, p<0.00001). Therefore, if a CO is observed in more RILs, then it is more likely to be gene associated, perhaps yielding a favourable phenotype.
We assessed the number of RILs that each identified CO was observed in and found that COs that are more frequently seen within a population are more likely to be seen in all 13 populations. The number of COs that are seen in only one population decreases as more RILs in the population have the CO, conversely COs that are seen in all 13 populations increase in number as more RILs within the populations have the CO (Supplemental Figure S4; Supplemental Table S4 ).
We clustered parental founder accessions for all of the populations according to their SNP profiles ( Figure 1e ) and clustered the resultant populations based on their CO profiles ( Figure   1f ). The CIMMYT lines (pink in Figure 1e and f), cluster together closely and are distinct from the landraces (blue). This is true for the genotype profiles of the parental founders as well as for the resultant CO profiles of the RIL populations. Additionally, from Figure 1e we were able to define pairs of the most closely related parental lines; Baj/Waxw, Bkachu/CIM49 and Super152/Pfau. Looking at the resultant populations after these parents were crossed with Paragon, these are also the most closely related populations according to CO profile. We conclude that more similar parental founders for a population lead to populations with more similar CO profiles. Therefore, wide crosses not only bring in novel alleles but also new COs, potentially breaking linkage groups.
GCs are more prevalent than COs in wheat
Previously we defined COs by comparing windows that were representative of cM bins (COPhenotype, Methods). This methodology is unaffected by subtle differences in genome organization between wheat accessions, such as GC events. Sun et al. (2012) report 120-222 DSBs per meiosis in Arabidopsis and although associated GCs should be possible for all of the DSBs, they predict a GC rate of 60-111 assuming that mismatch repair restores 50% of DSBs to their original allelic state. With these rates of GC frequency and previous approximations of GCs being between 2bp-10Kbp in length (Yang et al., 2012; Sun et al., 2012) , it is likely that such events will be missed by our analysis with on average 4335 SNPs available for analysis per population. However, after adjustment for our parallel definition of COs, we were able to identify on average 104 potential GCs per RIL across the 13 populations (Supplemental Table S2 ; Figure 2a ; Supplemental Figure S5 ; GC-Phenotype, Methods).
In Figure 2b we compare the distribution of COs to the profile of GCs across the genome.
Both distributions show the characteristic increase in frequency towards the distal regions of the chromosomes indicative of our likely detection of GC events associated with COs and therefore observed at similar locations. However, high GC frequency in the centromeric regions, where COs are sparse, was also seen and is likely to represent GCs associated with NCOs.
Using whole genome sequencing to define GC locations
There are three hypotheses as to how we are able to identify potential GCs in RILs using low resolution genotyping; either gene conversion events are far more prevalent in wheat than Arabidopsis and other eukaryotes, lengths of GCs can be longer in wheat or the GCs could represent genotyping error or structural variation in the RILs. To test these hypotheses and more precisely map COs and GCs we performed whole genome sequencing at low coverage (skim sequencing) for 12 lines from the Paragon x Chinese Spring population. These lines represent the upper and lower ends of the CO and GC frequency range (Supplemental Table   S5 ). We defined 31,327,143 homozygous SNPs between Paragon and Chinese Spring along the Chinese Spring IWGSC RefSeq V1.0 reference sequence (IWGSC et al., 2018 ) that represent parent specific allelic differences for the RIL population (Methods). This translates to 1 SNP approximately every 540bp to discriminate Chinese Spring and Paragon that is the resolution of our event detection. Skim sequencing data for each of the 12 lines was aligned to RefSeq V1.0 gaining on average 6.42X coverage across 91.3% of the genome and the defined parental SNP set was used to identify homozygous Paragon and Chinese Spring specific alleles within the sequencing data to allow us to identify COs and GCs (Figure 2c ; Methods).
The high-resolution whole genome skim sequencing allowed us to identify on average 30,110 potential GC events per RIL. We adapted categories used by Yang et al (2012) to assign confidence to our skim sequencing GCs by classifying them according to length (Methods; Table 2 ). We noted that GC numbers could be inflated as an artefact of incomplete or locally inaccurate reference genome assemblies or due to structural variation between the analyzed lines and the reference genome. Structural variants are likely to present as events that are conserved across the analyzed lines. We used the abundance levels of our events across the analyzed lines to calculate a false positive rate for our calls with regard to structural variation.
49.3% of our identified events were unique to a single RIL with 82.4% observed in <50% of the analysed lines. We can assign higher confidence to our unique GCs. Interestingly; the average length of unique GCs was 452Kbp. However, for those GCs conserved across the majority of lines (>50%) the average length was only 3.7Kbp. Therefore it appears that the shorter GCs that we identified are more likely to represent structural variation between Chinese Spring and Paragon. Considering only our high confidence GC calls or unique calls we defined a range of 7,909-22,847 and on average 14,795 GCs events per RIL, of which, on average 10,064 GCs were of 2bp-2Kbp, 2,255 GCs of 2-10Kbp, 2,247 of 10-500Kbp and 228 of >500Kbp in length (Table 2, Methods). As a final validation we identified sequencing read pairs that spanned our GC shifts from Chinese Spring to Paragon encompassing both a Chinese Spring and a Paragon SNP (Methods). This analysis provided an accuracy rate of 85.2% for our definition of GC shifts. The false positives (14.8%) are likely to be a result of read misalignment or structural reference related errors.
In Arabidopsis, Sun et al. (2012) predict GC rate based on the DSB frequency per meiosis.
Here, to allow us to perform a similar validation for our GC calls, we calculated the DSB rate for male hexaploid wheat leptotene nuclei (n=5) using immunolocalization recording on average 2133+/-157 DSBs per meiosis (Figure 2d and 2e; Supplemental Figure S6 ). This translates to 3952-4580 considering female DSBs per meiosis, and when considering that we are observing an F8 generation we would therefore expect 31,616-36,640 DSBs to have occurred in our analyzed RILs. Although, since our F8 RILs have passed through single seed descent becoming increasingly homozygous in each resultant generation, detectable allelic GCs, where an allele of the same gene replaces another variant allele, will decrease as generations increase. Accounting for increasing homozygosity at a rate of approximately 50% per generation, we estimate that 7874-9125 DSBs would have the potential to be detectable allelic GCs. It is unclear how DSBs directly translate to detectable GCs in wheat and the impact of mismatch repair on this number however, when we focus on our high confidence GC calls from the skim sequencing, after correction for our classification accuracy rate of 85.2% we define a range of 6,588-19,192 and on average 12,411 GCs of 20bp-500Kbp that overlaps the frequency of DSBs.
We showed with array SNPs that GCs increase in frequency towards the distal regions of the chromosomes but also show higher frequency in centromeric regions. Here we profiled the different length high confidence GCs defined from the whole genome sequencing to see if their profiles differ ( Figure 2f ). It is evident from Figure 2f that all GCs tend to increase at the distal regions of the chromosomes, however, compared to GCs of >500Kbp in length, which are likely to include crossovers, both 10-500Kbp and 2-10Kbp GCs maintain an elevated frequency that is conserved across proximal and centromeric regions. Shorter GCs of 20bp-2Kbp display the highest frequency that is conserved highly across proximal regions and to a relatively high level at the centromere. It is therefore the GCs from 20bp-500Kbp in length, which appear to largely break proximal and centromeric regions.
Using whole genome sequencing to validate our array based CO and GCs
Across the 12 sequenced RILs we observed 52 COs per RIL considering events of at least 40Mbp which closely reflects the average of 54.6 COs for the same 12 RILs defined using the array SNPs. This is likely because the 40Mbp represents the total analysis window that we used for array SNPs to define a central CO at the intersection of two 20Mbp windows.
Furthermore, Table 2 highlights that we could validate up to 100% of the COs from the array analysis with the skim sequencing datasets and that they overlapped events that averaged 42,859,250bp in length with 84.7% of events >500Kbp. On average we validate 90.7% of COs with the skim sequencing data.
Similarly, we validated GC calls from the array analysis using the skim sequencing. We could directly associate on average 95.7% of our previously defined GCs with GC events in the sequencing data that were on average 29,992,400bp in length with 61.2% of events <20Mbp (Table 2 ). Furthermore on average we could validate 83.0% of the specific array SNP alleles that were used to define GCs and given the reported agreement rates of 85.7% for SNP arrays when compared to sequencing data by Burridge et al. (2017) , this is in line with expectations. Using the array, the reason for our ability to identify GCs in low-resolution genotyping data is that we typically detect the larger GC events whereas whole genome sequencing gives the ability to robustly detect shorter GC events across the genome. It appears the frequency of GCs is far higher than in Arabidopsis and in contrast to other eukaryotes studied to date, longer GCs are also prevalent in wheat (Sun et al., 2012) .
QTLs identified for CO frequency
In our analysed RIL populations we observed a normal distribution of CO and GC frequency with a positive skew (Figure 1a and 2a ). As such, there were subsets of RILs with increased levels of GCs or COs compared to the population average. Therefore, we used GC and CO frequency as traits for QTL analysis (Methods). The CO analysis (CO-Phenotype, Methods) identified a robust QTL for the Paragon x Chinese Spring population that explained >6% of the variation (LOD score 3.64, p<0.05; Table 1; Figure 3a , 3c and 3e). The Holliday junction ATP-dependent DNA helicase RuvB-like was located within ~1.5 Mbp of the QTL peak on chromosome 6A. This gene is known to act in a complex with RuvA to promote strand exchange reactions in homologous recombination (Shalev et al., 1999) and is therefore our main candidate for the QTL. The RuvA-like gene was also located within the QTL interval (~4 Mbp from main peak).
For the GC frequency trait (GC-Phenotype, Methods) we identified multiple robust QTL that explained 4.2-10.5% of the observed variation (Table 1 ; Figure 3b , 3d and 3e; Supplemental Figure S7 ). We only identified QTL for four of the 13 populations likely due to the low power of our analysis in some of the populations since they were made up of <100 RILs. We studied genes within the QTL intervals and identified four gene candidates for GC frequency that were on average 600Kbp from the QTL peak and showed functional significance (p<0.05); firstly, ATP-dependent RNA helicase RecQ-like (for the purpose of this paper we have named this RecQ-7) on chromosome 2A from the Paragon x Chinese Spring population analysis, overexpression of RecQ in rice embryogenic cells has been linked to stimulation of homologous recombination (Li et al., 2004) (Figure 3b) ; secondly, ATP-dependent DNA helicase PIF2 on chromosome 2B from the Paragon x CIMMYT 47 analysis, PIF2 is a known DNA repair and recombination helicase (Supplemental Figure S7a) ; thirdly, a gene encoding the protein HIRA on chromosome 4B from the Paragon x Watkins 94 analysis, chromatin reassembly during DSB repair has been shown to be dependent on the HIRA histone chaperone (Li, X. and Tyler, J. 2016 ) (Supplemental Figure S7b) ; finally, WPP domain-interacting protein 1 on chromosome 5A from the Paragon x Baj analysis, this gene is key for nuclear assembly and transport and is involved in the same pathway as the gene RCC1 that is seen in the same interval (Supplemental Figure S7c ). We noted a low confidence gene ~120Kbp from the WPP domain-interacting protein 1 in the Paragon x Baj analysis, this BURP domain protein RD22 shows similarity to the gene C-Ph1 that is involved in homologous chromosome pairing and could also be contributing to this QTL peak (Griffiths et al. 2006) .
Validation of candidate genes
We used the Cadenza TILLING population, a mutagenized bread wheat population that has been widely characterized using exome sequencing, to identify lines with likely knockouts of our candidate genes from the QTL analysis, we prioritized stop codon inducing mutations that were as close to the start of the gene as possible to ensure a null phenotype (Krasileva et al. 2017 ) (Supplemental Table S6 and S7) . We then use the high frequency background EMS mutations in the TILLING lines to call COs and GCs as previously, however, here recording homozygous/heterozygous shifts across the genome (Methods) (Wijnker et al., 2013) . Firstly, for the Holliday junction ATP-dependent DNA helicase RuvB-like that was associated with CO frequency in the Paragon x Chinese Spring population, the CO frequencies of the eight knockout RuvB lines and the control group of ten lines showed no discernible difference with average frequencies of 57.4 and 57.6 respectively (Figure 4a ; Supplemental Table S6; Supplemental Note S1; Methods).
Secondly, for the ATP-dependent RNA helicase RecQ-7 that was associated with GC frequency in the Paragon x Chinese Spring population, we observed a significant decrease in GC frequency in the RecQ-7 mutant knockout group of four lines compared to the control group (Welch t test, P=0.0338, t=2.424, df=11) (Supplemental Note S2). We observed average GC frequencies of 426.96 and 498.54 for mutant and control lines respectively (Figure 4b ; Supplemental Table S6 ; Supplemental Note S3; Methods). We then went on to define CO frequency for the RecQ-7 knockouts to determine if our GC-Phenotype QTL, which mainly reflects increased GC, could translate to an increase in COs. We observed a significant decrease in CO frequency in the RecQ-7 mutant group compared to the control group (Welch t test, P=0.0411, t=2.3439, df=10) with average CO frequencies of 51.5 and 59 for mutant and control respectively (Figure 4c , Methods).
In Arabidopsis there are 7 RecQ genes, AtRecQl 1, 2, 3, 4A, 4B, 5 and AtRecQsim. RecQ4A
and RecQ4B have been identified as playing a role in recombination (Hartung et al. 2007; Séguéla-Arnaud et al. 2015) . To understand how the wheat RecQ7 gene is related to the Arabidopsis RecQ genes we built a phylogenetic tree including rice, Arabidopsis and wheat RecQ homologs (Figure 4d ). We found that the RecQ7 gene failed to cluster with any of the Arabidopsis genes, instead it clusters in a very well defined separate branch with the rice RecQ-Like gene Os07g48360 defining a novel RecQ clade that has been lost in some plant lineages (Supplemental Figure S8 ; Hartung et al. 2006) . We used the Cadenza TILLING population to ascertain if knockouts of the three homoeologous wheat homologs of the Arabidopsis candidates RecQ4A and RecQ4B, identified from Figure 4d , showed similar CO phenotypes (Supplemental Table S6 ). Knockouts of our homoeologous gene candidates resulted in general decreases in the average CO frequency per line compared to the control group, however none were statistically significant (Supplemental Note S4).
We next used the Cadenza TILLING population to ascertain if knockouts of the homoeologous gene copies of our candidate gene RecQ-7 on chromosome 2A, showed similar GC phenotypes to RecQ-7 (Supplemental Table S6 ; Supplemental Note S5; Supplemental Figure S9 ). Knockouts of our homoeologous gene candidates resulted in a decrease in the average GC frequency per line from 498.5 in the control group to 414.4 and 449.4 for sub-genomes B and D respectively (GC-Phenotype). When we consider all subgenome A, B and D knockouts as a group together there is a significant decrease in GC frequency between this group and the control group (Two tailed t test, P=0.0371, t=2.2617, df=17).
The increasing effect of RecQ-7 on CO frequency was associated with the landrace parental line Chinese Spring. We compared our candidate gene sequence between Paragon and Chinese Spring using genomic and transcriptome sequence and saw a high level of sequence conservation, however, there was an insertion of 12 bp in Paragon compared to Chinese Spring that is potentially a microsatellite expansion in the intronic sequence. Furthermore, Cadenza, the founder accession for the TILLING population that we used to knockout the gene and observe a phenotypic effect, has a homologous RecQ-7 sequence that is more comparable to the genic sequence seen in Chinese Spring. In Chinese Spring, RecQ-7 is reportedly expressed in a large range of tissues but notably it is expressed at the highest levels in the vegetative and reproductive spike at anthesis, flag leaf stage, ear emergence and meiosis (Borrill et al., 2016) . In the vegetative spike, our candidate homoeolog RecQ-7 on sub-genome A is expressed at 1.4X and 1.7X the level of the homoeologs on sub-genome B and D respectively. Similarly in the reproductive spike RecQ-7 on sub-genome A is expressed at 1.3X and 1.9X the level of the homoeologs on sub-genome B and D respectively. Therefore, although a combined triple gene knockout may be beneficial, this could be why a significant observable effect is only gained from the knockout of our single candidate RecQ-7 on sub-genome A with uneven gene expression across the RecQ-7 homeologs that is biased to sub-genome A. However, it may be that a triple mutant would be lethal.
We focused on genes that were identified from the Chinese Spring x Paragon population since this was largest population with the highest number of SNPs available for analysis and was therefore likely to give the most robust candidates. Knockouts of QTL candidates from the other populations showed observable decreases in GC/CO frequency, however they showed decreases that were typically not statistically significant (Supplemental Note S6;
Supplemental Table S7 ). The notable exception was the WPP domain-interacting protein 1 from the Paragon x Baj population analysis where, although mutants for this gene showed a decrease in GC frequency that was not significant, this translated to a significant decrease in in CO frequency in the mutant group compared to the control group. This gene could be an important candidate for further analysis. It is possible that combined triple gene knockouts for our additional QTL candidates may yield significant results.
Discussion
Using the 35K array we see the characteristic normal distribution of CO frequency, with an average of 41-52 COs per RIL, and a non-random distribution of COs between RILs and along the chromosomes (Huang et al., 2012; Esch et al., 2007; Darrier et al., 2017) . There is a positive correlation between the number of genes in the CO interval and the number of RILs with the CO suggesting that perhaps recombination in gene rich regions leads to favourable phenotypes that are under selective pressure. In addition, we show that introducing a more divergent parental founder e.g. a landrace such as Chinese Spring or a Watkins accession to be crossed with an elite line could increase the potential for introducing new CO profiles in the resultant population in addition to new allelic diversity.
Using whole genome skim sequencing we profile GC events across the wheat genome revealing a large unexplored source of sequence exchange between chromosomes that is particularly desirable in the drive to break linkage drag in the crossover sparse centromeric regions. We show that larger GC events can be profiled using low-density genotyping arrays where previously the crop breeding and research community may have ignored such changes regarding them as potential genotyping errors. These large GCs have not been described before in eukaryotes and may be the result of large complex repetitive polyploid genomes.
There is also the possibility that these large GCs could actually be double COs where RecQ-7 could promote more intermediates going down the non-interfering CO pathway. However, we do not observe a global increase in non-interfering COs, although we cannot rule out a possible role in recombination intermediate branch migration by RecQ-7 as observed in the human ortholog BLM (Karow et al., 2000) , that may separate components of a double Holliday junction substantially enough for both Holliday junctions to resolve via the class II pathway as COs. In any case, this would be an equally useful tool to reduce linkage drag and an interesting feature of such a complex polyploid.
Despite the critical role of GC in genome diversity and evolution little is known about the mechanism of control. In yeast the protein complex MutLβ and meiosis-specific helicase, Mer3 have been implicated controlling the length of gene conversions (Duroc et al., 2017 ).
Here, we were able to identify multiple QTL affecting GC frequency. We have identified a candidate helicase gene, ATP-dependent RNA helicase RecQ, on chromosome 2A that we named RecQ-7. Using EMS induced gene knockouts, we went on to validate our gene candidate RecQ-7 observing a drop in GC frequency in those lines where our candidate gene was knocked out. This reduction in GC frequency also correlated with a significant decrease in CO frequency. Furthermore, the decrease in GC was observed when either of the other homoeologous gene copies was knocked out. By performing phylogenetic analysis we determined that RecQ-7 was present in rice but not in Arabidopsis. Therefore, genetic screens to identify suppressors of recombination in Arabidopsis would not identify RecQ-7, although RecQ-4 might perform a similar role (Seguela-Arnaud et al., 2015) . However, RecQ-7 (OsRecQ 886 in rice) is structurally divergent from RecQ-4 (reviewed in Hartung and Puchta, 2006) . RecQ-7 is structurally similar to moss RecQ-6 that is essential for gene targeting, but has no apparent role in DNA repair (Wiedemann et al., 2018) . Therefore RecQ-7 is an important target for wheat breeders to increase recombination in genomic 'cold' regions by increasing CO and GC frequency and could be transferred to dicotyledonous crops to be used as an enhancer of recombination.
Materials and Methods
Crossover calls (CO-Phenotype): The SNP sequences from the 35K array were aligned (anchored) to the IWGSC RefSeq V1.0 wheat genome reference sequence (IWGSC et al., 2018 ) and therefore, for each SNP, we have its exact base pair position the Chinese Spring reference. To identify if specific sequences or regions are targeted for recombination consistently between populations, the SNP Chinese Spring reference anchoring was implemented for all populations throughout this study to aid comparative analyses between populations. For each population, for each RIL, array SNPs were annotated according to the parental allele that they represented. SNPs that were deemed to be so close together as to render recombination between them more unlikely were collapsed into bins representative of cM bins. With a genome size of 16Gb and a previously reported cM genome size of 3894cM we collapsed SNPs within intervals across the genome of 20Mbp (16Gbp/3894cM * 5 the estimated shared haplotype length around a SNP in wheat) (Huang et al., 2012) . Collapsing SNPs involved classifying the most frequently encountered parent specific allele per window, if the window appeared to be more Parent 1 or 2 i.e. homozygous for Parent 1 or 2 this was recorded, and a mixture of the two parents was recorded as a heterozygous region. A change in the most frequently encountered parent specific allele from one window to the next across the genome was recorded as a CO. This methodology is unaffected by subtle differences in genome organization between wheat accessions and is therefore a conservative method for calling COs enabling cross-population comparisons, our refinement of a CO will be limited to the intersection of two 20Mbp windows.
To call COs from the Cadenza TILLING population, for each of the lines we assessed, we utilized SNPs that were called by aligning exome capture data to the IWGSC RefSeq V1.0
Chinese Spring reference sequence. The SNPs are publicly available at (https://plants.ensembl.org/Triticum_aestivum/Info/Annotation; see Acknowledgements). We firstly, filtered the SNPs removing those not showing allelic changes characteristic of EMS treatment (leaving 89% of the SNPs). Secondly, we selected only those SNPs with a mapping quality of >= 50. Thirdly, we annotated homozygous mutant SNPs as those having the mutant or alternate allele in >85% of the total sequencing reads i.e. wild-type (WT) allele in <=15% of the reads, the remaining SNPs were annotated as heterozygous. Finally, we removed SNPs where the mutant alternate allele was observed at less than 4X coverage and removed SNPs that were not assigned to one of the 21 wheat chromosomes. This resulted in a list of high confidence SNPs for CO calling. COs were called as previously, however, instead of looking for Parent 1/Parent 2 shifts we recorded Homozygous/Heterozygous shifts between windows.
Gene Conversion calls (GC-Phenotype):
The RefSeq V1.0 anchored SNPs from the 35K array that were used for CO calling were used here to identify short shifts between parents that we use as a potential indicator for GC. Here, no windows or collapsing was used and each change in the encountered parent specific allele from one SNP to the next across the genome was recorded as an event. Here, we assume a correct local reference order and consider each genotype shift even if they are short in length or multiple changes occur in close proximity. Therefore, here we consider both GC and CO events together due to our limited ability to detect the difference via the specific length of the event with only on average 4335 SNPs available for analysis per population with a genome size of 16Gb. This methodology has the potential to include false-positives led by incorrect genome order and incorrect SNP calls. As such, here we rely on the recent advances in the wheat reference sequence assembly and genome ordering alongside the high confidence SNP calls generated by the 35K array. For direct estimates of the number of GC events per RIL we subtract the number of COs from the GC/CO estimate.
To call GCs from exome capture data from the Cadenza TILLING population; SNPs were identified in the data and identified as Homozygous/Heterozygous as previously detailed. (iToL) tool (Letunic and Bork, 2016) to identify the clade containing the RECQ-like homologs. Full length sequences for these homologs were aligned to build a tree containing Arabidopsis, rice and wheat proteins ( Figure 4d ) and a tree containing proteins from all 10 species (Supplemental Figure S8a) . Each alignment was made with PRANK (Löytynoja and Goldman, 2008) , then all the columns between the conserved DEAD and RECQ domains were extracted using JalView (Waterhouse et al, 2009 ) and the alignment was used to build the final tree for the RecQ-like proteins with the above RAxML command.
GCs (again alongside
Selecting samples for skim sequencing: RILs were selected from the Paragon x Chinese Spring population due to us having whole genome reference sequences available for both accessions. RILs were selected to cover a profile of low, medium and high CO and GC frequency compared to the averages for the population (~52 for COs and ~388 for COs and GCs). Low was defined as >= 10% less than the average (CO range 0-46; CO/GC range 0-350), medium was defined as within +/-10% of the average (CO range 47-57; CO/GC range 351-428) and high was defined as >= 10% more than the average (CO range 58-93; CO/GC range 428-540).
Genomic DNA isolation for skim sequencing: Leaf tissue from each line was ground in liquid nitrogen with a mortar and pestle. Genomic DNA was extracted from the ground tissue using a DNeasy plant mini kit (Qiagen) according to the manufacturer's protocol (version March 2018) with two alterations. The incubation time with buffer AP1 and RNase was extended to one hour and a new 1.5ml microcentrifuge tube was used for the second elution to prevent dilution of the DNA. For all library preparations the first elution of each sample was used. The genomic DNA was assessed by spectrophotometry using a NanoDrop 2000 (Thermo Fisher) for contamination. DNA concentration was determined using a Quant-iT High Sensitivity double stranded DNA assay kit (Invitrogen) and a Infinite F200 Pro microplate reader (Tecan). DNA integrity was assessed using genomic DNA ScreenTape (Agilent) and a TapeStation 2200 (Agilent).
Library preparation for skim sequencing:
The twelve genomic DNA samples were sheared to 300 bp using a S2 Covaris ultrasonicator (2 cycles 60s, 10% duty factor, intensity of 5, and 200 cycles/burst). A whole genome library was produced for each sample using the KAPA High Throughput library preparation kit (Roche). The standard protocol was followed coverage across the genome using the short-read simulator dwgsim v0.1.11. To avoid the pitfalls in GC detection noted by Qi et al. (2014) and Wijnker et al. (2013) we aligned these reads back to the Chinese Spring RefSeq V1.0 using BWA-MEM v0.7.10 (Li and Durbin 2009), took only reads aligned in a proper pair (correct orientation and mapped distance) and removed any non-uniquely mapped reads (mapping quality <= 10) using SAMtools ). We aligned 1,923,658,991 simulated reads initially and after filtering 1,817,505,942 reads remained resulting in coverage of 11,390,273,387bp of the 14Gb reference genome size at a minimum of 10X. We then called SNPs between Paragon and the Chinese Spring reference using GATK (McKenna et al. 2010) . We focused only on homozygous SNPs (alternate allele frequency >80%) and removed SNPs with a quality score less than 30, a depth less than 3 and removed SNPs if 3 or more were defined within a 10bp window. These SNPs are sites where we can accurately discriminate Chinese Spring and Paragon and we refer to this SNP list as "Paragon-Chinese Spring specific SNPs".
Identification of Paragon-Chinese Spring COs and GCs from skim sequencing:
Here we aligned sequencing reads for each of the 12 lines that were sequenced to the Chinese Spring RefSeq V1.0 using the same methodology as for the simulated Paragon reads detailed above however, with the following additions; we included a duplicate read removal step using Picard tools v2.1.1 and this time for SNP calling using GATK we removed SNPs with a quality score less than 20. Since we are aligning skim sequencing from Paragon x Chinese Spring crosses to a Chinese Spring genome we expect that the alternate SNP alleles we define in the sequencing data will be Paragon specific and therefore these can be used to define COs an GCs. However, our defined SNPs are typically seen at low coverage and as such require validation. We validated our SNPs in the skim sequencing data by comparing the defined alleles to the "Paragon-Chinese Spring specific SNPs" that we previously defined. For each skim sequenced line we cycle through the list of "Paragon-Chinese Spring specific SNPs" i.e. all possible differences between Chinese Spring and Paragon, and for each SNP position; if the skim sequenced line also has a SNP with an alternate allele defined in >80% of the sequencing reads at this position that matches the Paragon allele we define this as Paragonspecific; if the line has a SNP with an alternate allele in <80% of the reads or that does not match Paragon the position is undetermined; if the line has no SNP allele defined at this position we check for mapping coverage in the region (if none the position is undetermined) and if sufficient coverage is observed but no SNP called we check that the Chinese Spring reference allele is found at this position and define this as Chinese Spring specific. We then have a validated list of positions across each of the skim sequenced lines from which we can define COs and GCs where we either define Paragon specific sequence, Chinese Spring specific sequence or have an undetermined call which is removed from the analysis. Due to working with the F8 generation and not F2 as per previous studies we focus on homozygous SNPs only rather than homozygous-heterozygous shifts that are more likely to be mistakenly identified due to incorrectly aligned reads as highlighted by Qi et al. (2014) .
In this analysis we defined COs and GCs in sequencing data as the intersection of unbroken runs of markers from a single parent that are surrounded or followed by runs of markers from the other parent. We defined the lengths of the unbroken runs and used this to classify events as GCs in the category of 2bp-10Kbp (while also subsetting these GCs into regions of 20bp-2Kbp and 2-19bp) and classified COs as regions of sequence exchange between parents of >10Kbp (while also subsetting these COs into regions of 10-500Kbp and >500Kbp). Due to the large genome size of wheat it is unknown if GCs/COs may present as longer shifts than were seen in Arabidopsis therefore we categorized blocks of; 20bp-2Kbp, 2-10Kbp, 10-500Kbp, >500Kbp and also using blocks of >20Mbp/>40Mbps to allow comparison with our previous array-based analysis. To ensure confident calls for CO/GC determination, we only considered a break in the run of markers from one parent to another if 3 or more SNPs on the run showed such a shift between Paragon and Chinese Spring. Since our resolution of SNPs that discriminate Chinese Spring and Paragon is 1 SNP per ~540bp we should still be able to effectively detect COs and the majority of GCs using this methodology while eliminating false positive calls.
Validation of COs and
GCs from array analysis with skim sequencing: Using the array, our refinement of a CO is limited to the intersection of two 20Mbp windows. In order to validate CO's that were defined using the array with COs that were defined using skim sequencing, we looked at the interval 20Mbp each side of each array defined CO. We then determined if this region overlapped a sequence exchange site or GC that we defined from the skim sequencing with high confidence i.e. the region between the SNPs that show the Chinese Spring-Paragon shift. We expected our COs to overlap these shifts that were associated with GCs of >20Mbp. Table 2 details the percentage of COs that overlapped and the average length of the GC that was overlapped was in line with our expectations.
To validate GCs that were defined using the array, we looked at the interval 3Mbp around our array defined GC (representative of the typical genome space between array SNPs if 5000 are analyzed across a 16Gb genome) and determined if this fell within a GC that we defined from the skim sequencing. Table 2 details the percentage of array GCs that overlapped a skim sequencing GC and those overlapping skim sequencing GCs with the same SNP allele were classified as high confidence GCs. As an additional validation for the skim sequenced sample 0004, we identified paired end sequencing reads that spanned Chinese Spring-Paragon GC shift sites and where the SNPs used to define the shifts were close enough in proximity to allow a single read pair to provide coverage for both the Chinese Spring and Paragon SNPs.
At 169 shift sites we gained a minimum of 3X coverage for both the Chinese Spring and Paragon SNPs that was made up from single read pairs and this allowed to us calculate a likely false positive rate from the perspective of read misalignment or structural reference related problems. For correlation of array defined GCs with skim sequencing defined GCs we normalized our skim sequencing defined GC frequencies according to the number of SNP sites that show sequencing coverage in the individual datasets where Paragon and Chinese Spring can be discriminated since this has a direct impact on GC calls.
QTL analysis:
Our QTL analysis implemented genetic maps for each individual population that have been previously generated and are publicly available (see Data Availability). QTL calculation and plotting of logarithm of odds (LOD) scores were conducted using R package 'qtl', in the first step as a single QTL model employing the extended Haley-Knott method on genotypes. Significant thresholds for the QTLs were calculated from the data distribution.
Final QTL LOD scores and effects were received from a multiple QTL model, using the QTL detected in the initial scan.
Immunolocalisation: Immunolocalisation was performed using the protocol from Higgins et al (2013) using primary antibodies anti-ASY1 (guinea pig) and anti-γH2A.X (rabbit) (Millipore). Secondary antibodies: anti-guinea pig 488 (false coloured to blue for contrast with red) and anti-rabbit alexa 594 (Invitrogen). Images were captured using Nikon NISElements software and processed with the Mexican Hat function. Individual γ H2A.X foci co-localising with ASY1 were marked using the counting tool.
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Tables
Detailing for the 12 Paragon x Chinese Spring samples skim sequenced; the sample number, CO and frequency defined using the 35K array, % of these events validated by skim sequencing, GCs identified with track lengths >40,000,000bp (representative of COs), >20,000,000bp, >500,000bp, 10,000bp-500,000bp, 2,000bp-10,000bp and 20bp-2,000bp.
High confidence GCs are defined as those where the specific array SNP allele that was used to make the call could be validated in the skim sequencing. 
